Introduction
============

Topical nonsteroidal anti-inflammatory drugs (NSAIDs) have been used by cataract surgeons for routine cases to reduce clinically significant cystoid macular edema (CME) and improve early visual acuity. There are many NSAID formulations available in the USA. Nepafenac, ketorolac, diclofenac, flurbiprofen, and bromfenac are currently approved by the US Food and Drug Administration (FDA). With different pharmacodynamic characteristics, these NSAIDs inhibit isoforms 1 and 2 of cyclooxygenase. The pharmacology is known to prevent the biosynthesis of inflammatory mediators responsible for inflammation, producing vasodilation, altering intraocular pressure, and prompting miosis.[@b1-opth-12-943]--[@b4-opth-12-943]

Topical steroids have been the mainstay of therapy to control ocular inflammation.[@b5-opth-12-943] However, corticosteroids in some patients raise intraocular pressure, impair wound healing, suppress the immune system, increase infection risk, and contribute to cataracts.[@b6-opth-12-943],[@b7-opth-12-943] Clinically, NSAIDs are used by ophthalmologists in combination with or instead of corticosteroids. For ophthalmic surgical procedures, NSAIDs are useful for mydriasis, analgesia, and anti-inflammatory effects specific to ocular tissue. The FDA has approved these products in five indications: seasonal allergic conjunctivitis, pain associated with cataract surgery, inflammation associated with cataract surgery, pain associated with corneal refractive surgery, and inhibition of intraoperative miosis. While not approved by the FDA specifically for this use, NSAIDs are considered the standard of care by many anterior segment surgeons for preventing CME associated with cataract surgery. Recently, the American Academy of Ophthalmology stated in an ophthalmic technology assessment that there was good collective clinical evidence and rationale that anti-inflammatory use beginning 72 hours prior to surgery "reduces CME and improves vision in the short term".[@b8-opth-12-943]

Bromfenac in DuraSite (Sun Pharmaceuticals, Inc, Princeton, NJ, USA; BromSite^®^; bromfenac ophthalmic solution 0.075%) is indicated for the treatment of postoperative inflammation and prevention of ocular pain in patients undergoing cataract surgery.[@b9-opth-12-943] The formulation consists of DuraSite^®^, a mucoadhesive matrix that swells in aqueous media and stabilizes molecules, contributing to longer ocular surface dwelling times.[@b10-opth-12-943] More specifically, DuraSite is a synthetic polymer of cross-linked polyacrylic acid that stabilizes small molecules in an aqueous matrix. Both nonclinical and clinical studies have shown the DuraSite drug-delivery system to be safe and nontoxic.[@b11-opth-12-943] The increased time that DuraSite remains on the eye allows lower concentrations of a given drug to be administered over a longer period. This offers convenience of dosing, reduces the potential of adverse side effects, and may lead to improved patient compliance.

In a recent rabbit study comparing three branded NSAIDs using FDA-approved human dosing, bromfenac in DuraSite demonstrated significantly greater NSAID concentrations compared to Prolensa^®^ (bromfenac ophthalmic solution 0.07%) and Ilevro^®^ (nepafenac ophthalmic solution 0.3%). The authors postulated that the DuraSite component of bromfenac in DuraSite enhanced ocular penetration throughout both anterior and posterior tissues.[@b12-opth-12-943] The human ocular pharmacokinetic (PK) details of bromfenac in DuraSite have not been published to date. Additionally, there have been no studies to address PK comparisons to Bromday^®^ (bromfenac ophthalmic solution 0.09%). To our knowledge, this study is the first to address both questions.

Methods
=======

This was a multicenter, randomized, double-masked study approved by the New England Institutional Review Board. All study materials were reviewed and approved prior to its commencement. The study was conducted in accordance with the Declaration of Helsinki, with all its applicable legal and regulatory requirements. Written informed consent was obtained from all subjects prior to study enrollment. After verifying that the subjects met all of the inclusion and exclusion criteria (ie, pregnant, nursing, or planning a pregnancy; female with a positive urine pregnancy test; had used \[within 30 days of prior to beginning study treatment\] or anticipated concurrent use of an investigational drug or device; had a condition or a situation that in the investigators' opinion may have put the subject at increased risk, confound study data, or interfered significantly with the subject's study participation), they were included into the study.

Randomization was stratified by site, and at each site subjects were then randomly assigned (1:1) to receive either bromfenac in DuraSite or bromfenac ophthalmic solution. Subjects were instructed to store the masked, multidose, opaque, white-cap test-article bottle at room temperature, and to administer one drop of test article onto their study eye once daily for 3 days. Dosing began 2 days prior to cataract surgery and continued on the day of surgery, 3 hours (±30 minutes) prior to surgery. Subjects were given a dosing diary to record application times and questioned to determine if they had followed the dosing schedule. Use of any drug containing bromfenac was prohibited for 2 weeks prior to surgery.

Three visits were required for full study participation, including the dosing phase and the evaluation phase: visit 1 (screening visit, day −14 to day 0), telephone contact (day 3, dosing reminder), visit 2 (surgery, day 3), and visit 3 (post-surgical evaluation day 4). After the postsurgical safety evaluation, subjects were exited from the study. Adverse events were collected at the baseline exam, day of surgery, and postoperative Day 4. No other eyedrops were administered after the test article for at least 1 hour. Other ocular medications were allowed if administered at least 5 minutes prior to the investigational product.

Just prior to cataract surgery, after the patient was prepped and draped in a sterile manner, paracentesis performed, a cannula introduced into the anterior chamber, and at least 100 μL aqueous humor aspirated. The sample was then immediately frozen and stored in a −20°C freezer. The samples were then sent under dry ice to an independent bioanalytical laboratory. Bromfenac concentrations were assayed using high-performance liquid chromatography mass spectroscopy. Mean, maximum, minimum, and median aqueous humor concentrations of bromfenac for each treatment arm were summarized. Mean aqueous humor concentrations of bromfenac for the two treatment arms were compared statistically.

Results
=======

Demographic characteristics were similar between treatment groups. The mean age of all randomized subjects was 69.4±9.8 years: 70.6±10.1 years in the bromfenac in DuraSite group and 68.2±9.4 years in the bromfenac ophthalmic solution group. Overall, 29 subjects (48.3%, 29 of 60) were male: 18 (60%, 18 of 30) in the bromfenac in DuraSite group, and 11 (36.7%, 11 of 30) in the bromfenac ophthalmic solution group. The majority of the subjects, 91.7% (55 of 60), were Caucasian, and this proportion was similar between treatment groups. Overall, four subjects (6.7%, four of 30) were African-American: one (3.3%, one of 30) in the bromfenac in DuraSite group, and three (10%, three of 30) in the bromfenac ophthalmic solution group. There was one Asian in the bromfenac in the DuraSite group.

As shown in [Table 1](#t1-opth-12-943){ref-type="table"} and [Figure 1](#f1-opth-12-943){ref-type="fig"}, the mean (±SD) ocular aqueous humor concentration of bromfenac in the bromfenac in the DuraSite group was more than double (49.33±41.87 ng/mL) that of the bromfenac ophthalmic solution group (23.65±16.31 ng/mL). This difference was significant (*P*=0.004, *t*-test), indicating bromfenac in DuraSite administration resulted in higher bromfenac concentration in aqueous humor than bromfenac ophthalmic solution administration.

Comparison of means between the bromfenac in DuraSite and bromfenac ophthalmic solution groups was performed using a two-sample *t*-test. Examination of the univariate summary statistics indicated neither bromfenac in DuraSite nor bromfenac ophthalmic solution concentration levels followed a normal distribution. Therefore, the standard small-sample justification for the validity of the *t*-test did not apply to these data. Use of the *t*-test was justified by the study group randomization and large sample inferential statistical assumptions. To check the adequacy of the large sample approximation, 10,000 random permutations were generated, and the probability of observing a *t*-statistic \>3.08 under the permutation distribution was estimated to be 0.0031 (with a standard error of 0.00056). This approximated *P*-value from the permutation distribution supports the observed *P*-value of 0.004 computed by the large sample-based *t*-test. No adverse events were reported in this study.

Discussion
==========

NSAIDs are believed to exert therapeutic effects based on in vivo concentrations, and if those concentrations exceed the IC~50~ for COX1 and COX2 enzymes, and for what period of time. NSAIDs are considered time-dependent inhibitors of COX1 and COX2. Therefore, intraocular NSAID concentrations are expected to correlate with the efficacy of a given topical ocular therapy.

COX1 and COX2 enzymatic activity and the inhibition of both enzymes are foundational in understanding the pharmacologic actions of each NSAID.[@b18-opth-12-943] COX1 is an omnipresent protein important to homeostasis, such as maintenance of renal function, platelet aggregation, and gastric protection. Comparatively, COX2 is an enzyme that is induced and largely responsible for prostaglandin creation during trauma within various tissue types,[@b13-opth-12-943] and has been well researched in models of ocular trauma as an enzyme responsible for increased prostaglandin activity.[@b14-opth-12-943]--[@b17-opth-12-943]

A single-dose study by Walters et al reported both PK results (maximum concentration \[C~max~\], time to C~max~, and area under the curve \[AUC\]), and in separate experimentation evaluating pharmacodynamic (PD) properties, COX1 and COX2 activity for amfenac, ketorolac, and bromfenac.[@b18-opth-12-943] This paper was published in 2007 and evaluated the relevant branded comparators (ie, Xibrom^®^, Acular LS^®^, and Nevanac^®^). Results of PD studies are independent of the product and entirely dependent on methodology. For COX1-inhibitory activity in sheep, the authors reported ketorolac to be the most potent. In the case of human recombinant COX2 assay, the most potent was reported to be amfenac. In these same models, the authors stated COX2 and COX1 inhibition was intermediary for bromfenac.

A more recent PK/PD study was published by Kida et al.[@b19-opth-12-943] This study evaluated diclofenac, amfenac, and bromfenac. The authors reported the rank order of potency at human platelet COX1 and human recombinant COX2 to be the same for each cyclooxygenase isoform: diclofenac \< amfenac \< bromfenac (ranked least to most potent). Interpretation of results across studies is quite challenging, due to differing instrumentation and methodologies.[@b18-opth-12-943] Therefore, small changes in experimental conditions may lead to very different interpretations. As reported by Walters et al: "... because many NSAIDs are time-dependent inhibitors, increasing assay incubation times will result in lower (more potent) IC~50~ values. Likewise, variations in other assay conditions (eg, temperature, source of enzymes, measuring oxygen consumption versus PG production) will affect the results."

Walters et al and Kida et al both measured isoforms at the same temperature (37°C), but different times of incubation (COX1/COX2): 2/2 minutes vs 15/5, respectively.

Kida et al used commercially available products for the in vivo/PK portion of their study.[@b19-opth-12-943] It should be noted nepafenac was the 0.1% solution, while bromfenac was the 0.09% ophthalmic solution. The C~max~ of bromfenac, amfenac, and diclofenac in the retinochoroidal tissue were 15.8 ng/g at 30 minutes, 12.5 ng/g at 30 minutes, and 38.2 ng/g at 1 hour, respectively. Modeled PK parameters in aqueous humor and retinochoroidal tissues demonstrated the levels of the three NSAIDs were constantly higher than the IC~50~ of COX2 in aqueous humor. However, only bromfenac was constantly greater than the IC~50~ at its trough level in the retinochoroidal tissues.

No studies were found comparing NSAID single-dose AUC to multiple-dose AUC. However, Si et al[@b10-opth-12-943] examined aqueous concentrations for both single- and multiple-dose regimens, and found a 1.8-fold higher concentration at 2 hours for the multiple-dose (ie, three times daily for 14 days) DuraSite 0.09% formulation compared to the single-dose DuraSite 0.09% formulation. The authors also reported 1.4-fold higher accumulation with the multiple dose vs the single dose. As such, this suggests comparable accumulation of bromfenac with multiple-dose regimens to single-dose regimens, regardless of the formulation. Furthermore, this difference is more pronounced with the DuraSite vehicle.

The concentration of bromfenac in the aqueous humor of 3-day once-daily dosing was higher in patients that were using bromfenac in DuraSite (49.33±41.87 ng/mL) compared to patients on the bromfenac ophthalmic solution (23.65±16.31 ng/mL). DuraSite appears to allow higher absorption and concentrations of bromfenac into the anterior chamber. This study provides key scientific insight for cataract surgeons. While bromfenac concentration differences within the formulations was similar (0.075% and 0.09%), the primary determinant of human aqueous bromfenac concentration appears to be that of DuraSite in bromfenac in DuraSite. As mentioned, DuraSite allows longer ocular surface-dwelling time for the bromfenac to absorb and exert its NSAID therapeutic effects. These data support that hypothesis without an increase in blurring or other adverse events.

While the current study reports anterior segment concentrations, similar proportional differences have been reported throughout the ocular tissue in preclinical studies. Si et al described the tissue concentration of DuraSite containing bromfenac was significantly higher than that of 0.09% bromfenac ophthalmic solution (Xibrom) in all ocular matrices, excluding the retina. The bromfenac concentration in the choroidal tissue achieved by the DuraSite formulation, in particular, was approximately triple that of concentrations obtained with the non-DuraSite formulation Xibrom.[@b10-opth-12-943] In the current study, the DuraSite component of the formulation demonstrated a double the difference in aqueous NSAID concentration.

Based on previous preclinical studies reporting ocular distribution in both the anterior and posterior segments of DuraSite-containing and not containing bromfenac formulations, the higher aqueous humor PK concentrations reported in this study would likely provide proportionally higher posterior segment concentrations in human ocular tissue. Therefore, for both anterior and posterior segments, the DuraSite component is expected to increase bromfenac delivery throughout ocular tissue and (based on previous PD assessments) inhibit inflammation from COX1 and COX2 activity, translating to improved effectiveness and resulting in quicker resolution of inflammation and pain following cataract surgery, as well as prevention or reduction of the incidence of CME.[@b20-opth-12-943]

Conclusion
==========

Bromfenac delivered in DuraSite enhances the ocular bio-availability of bromfenac, contributing to significantly higher NSAID concentrations in the aqueous humor compared to bromfenac ophthalmic solution.
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Human aqueous humor bromfenac concentrations

  Descriptive statistic             Bromfenac in DuraSite   Bromfenac ophthalmic solution
  --------------------------------- ----------------------- -------------------------------
  Evaluable samples, n (total 58)   29                      29
  Mean (ng/mL)                      49.33                   23.65
  SD                                41.87                   16.31
  Median (ng/mL)                    34.8                    20.6
  Minimum (ng/mL)                   3.4                     0.3
  Maximum (ng/mL)                   161                     83
